Background: Stress associated with learning of a psychomotor task can influence the trainees learning ability. Surgical simulation is a validated training milieu designed to replicate real-life situations, prevent biases and provide objective metrics. However, the complexity of stress mechanisms and the absence of a reliable detection method make stress estimation difficult to quantify and to interpret. Aim: a) To assess the feasibility of a new watch-sized device to noninvasively measure stress parameters in novices during a simulation task and b) to compare its derived cardiac stress parameters to those of an ambulatory Holter monitor. Materials and methods: Twenty-one novices were trained on a basic skills module. During base line, exercise, and recovery phases, all subjects wore a wearable device and data regarding blood volume pressure, heart rate, inter beat interval, electrodermal activity, and skin temperature were recorded. Additionally, Holter Monitoring was used to concomitantly capture heart rate, R-R intervals and heart rate variability. Before and after each experiment, all subjects completed the short, six-item STAI scale. Results: Data analysis showed: a) when compared to STAI, electrodermal activity exhibited the best correlation, sensitivity and specificity and b) the device derived cardiac parameters highly correlated with the reciprocal Holter values during all experiment phases. Conclusion: This wearable device is an easy to use and well accepted by the participants noninvasive tool, which can provide accurate stress estimation in our simulation setting. Additionally, it can replicate Holter derived stress related heart parameters, thus eliminating the need to wear a rather cumbersome device.
INTRODUCTION
It is well known that surgical simulation is a validated standardized training milieu designed to replicate real-life situations, replicating stress, prevent biases and provide objective metrics. [1] [2] [3] The complexity of stress mechanisms makes acute stress measurement during this learning process is difficult to quantify and interpret. 4 As there is no reliable method to measure stress, several subjective and/or objective methods have been proposed: among the subjective ones, the State Trait Anxiety Inventory (STAI) is widely validated. 4 The rationale for the objective methods lays in the fact that acute stress provokes acute autonomic nervous system (ANS) changes. Therefore: a) heart rhythm changes as measured by heart rate (HR) or heart rate variability (HRV) b) electrodermal activity (EDA) levels c) thermal activity, d) blood volume pulse (BVP), and e) saliva stress biomarkers have been suggested. 5 However, it is important to note that HRV, EDA, and thermal activity all require the use of specific equipment that causes several limitations regarding data collection in the OR or in the simulation setting, by adding discomfort and thus compromising performance. 4 Recently, a couple of more sophisticated wearable devices have been made commercially available, which, besides heart rate (HR) and Inter-Beat Interval (IBI), concomitantly measure several other parameters such as EDA, acceleration and body temperature. 5 
AIM
Therefore, the first objective of this study was to assess the feasibility of a new watch-sized device to noninvasively measure stress parameters. The second objective was to assess the feasibility of this device to determine the relationship of heart rate and heart rate variability measured with this new device to that of a Holter monitor.
Practically, it might be of value if such an easyto-wear device might be used to objectively evaluate stress and avoid the use of other motion restricting, uncomfortable devices in our simulation setting as well as it might open a potentially practical window to conveniently train surgeons to manage their stress using a surgical simulation training system.
MATERIALS AND METHODS
The study protocol (ISRCTN No 10985546) was approved by the Institutional Ethical Committee and all participants gave informed consent.
SubjectS
Twenty-one male novice trainees aged 23 -26 years with body mass index (BMI) ranging from 18.5 to 24.9 were included in the study. All of them were medical students in their last year or PGY1 without any previous simulation experience.
experimental protocol Prior to the simulation task, all participants completed a questionnaire regarding age, height, weight, and prior simulation experience. They also completed the short, six-item Spielberger State-Trait Anxiety Inventory (STAI). An orientation phase was then implemented (approximately 15 minutes) during which they were introduced to the simulator and briefed on the tasks to follow. Thereafter they wore the Empatica E4 wristband (E4WB) (Empatica S.r.l, Italy) on their nondominant hand. Additionally, all subjects wore an ambulatory Holter ECG rhythm monitoring (HM) and electrodes were positioned in predetermined thorax positions (ELA MedicalSyneflash MMC-24 hour Rhythm -3 channel lead -Synescope ELA Medica, France). Throughout the whole experiment, the subjects wore both the E4WB and the HM. An ambient temperature of 27°C was kept in the simulation room in order to avoid any sweating artifacts.
A baseline recording phase of 10 minutes was initiated with the subjects engaged in leisurely reading (BL phase). Immediately after, the simulation exercise started (E phase) in which the subjects were trained on a basic skills module (Lap mentor, 3D Systems) for 9 minutes followed by a 6 minutes recovery period (R phase). During this phase all subjects repeated the short, six-item STAI. Each phase was tagged by triggering concomitantly the markers on both devices.
E4WB recorded photoplethysmography (PPG) BVP data were used to estimate HR and inter-beat interval duration (IBI). Additionally, EDA, 3-axis hand motion activity (Acc), and skin temperature (ST) data were recorded from the E4WB. Furthermore, R-R interval data obtained from the Holter monitor were extracted in order to measure HR and calculate HRV indices.
Data analySiS
When each session ended, the E4WB was connected to a PC and its internal storage data were uploaded to a secure cloud web site. Through this site the sessions' data can be visualized and exported as CSV files for each one of the parameters recorded.
In order to compare the R-R with the IBI data derived respectively from the two devices, some pre-processing was necessary before any further analysis takes place. This was necessary due to two reasons: a) the E4WB starts recording automatically 40 sec after pushing the mark button, while the Holter starts to record immediately after pressing the mark, and b) E4WB heart beats are recorded in respect to initial time which in turn is expressed in UTC time. Therefore, all the time points had to be converted to absolute local time. Additionally, since both devices did not share the same time settings from a reliable third-party source, their recorded data needed synchronization.
In order to avoid multifactorial external stress bias, the percentage differences between base line and exercise of all parameters measured were derived for each subject. Additionally, pre-and postexercise STAI scoring as well as their differences was calculated.
The Bland-Altman method was used to plot the difference for each subject against HRV and IBI values in order to compare Holter derived HRV versus PPG derived IBI.
All sets of synchronized intervals data extracted from both Holter and E4WB were analyzed by using the Kubios HRV ® software. 6 Indices of HRV were computed in the frequency domain (high frequency [HF]; low frequency [LF] and LF/HF ratio) for all phases of the study.
RESULTS
None of the subjects reported any problems / discomfort related to the wearing equipment. A) Exploiting the best stress detector among the E4WB parameters.
Α1. Descriptive observation A representative output of the E4WB parameters of one subject is shown in Fig. 1 . As it can be seen, EDA started to increase as soon as the E phase starts and remained elevated even during the R phase while BVP did not seem to have a trend during the E phase. Acc and HR increased during E phase but with many fluctuations, while ST remained almost stable during the whole experiment.
A2. E4WB parameters response during E phase
Of all parameters studied, only the mean EDA levels for all subjects combined, significantly increased from BL phase to the E phase (from 1.47 to 3.00 μS; p<0.001), and further increased during the R phase as compared with BL levels (from 1.47 to 5.62 μS; p<0.001). Fig. 2 shows the percentage increase of the mean value of EDA during E phase to the one during BL phase for each individual. It can be noticed that stress during E phase provoked about 105% increase in the EDA values.
IBI change was smaller as it changed from 730 ms during BL phase to 607 ms during E phase (16% decline) and finally to 716 ms during R phase (p<0.001). Similar nonsignificant variations were observed in HR irrespectively if it was derived from Holter or E4WB. In all cases during the E phase, the Acc values where within the measurement limits since none exerted the force of 2 g. Temperature data didn't change significantly in all subjects at any phase (p<.001).
Α3. Correlation of E4WB parameters with STAI
A positive post-to pre-exercise STAI scoring difference (STAIdif) was seen in 15 (71%) subjects while in the remaining 6 (29%) it was negative.
Percentage differences of the average values of EDA (EDAdif%), IBI (IBIdif%), Holter R-R (HolterRRdif%) during exercise and baseline phase as well as STAI (STAIdif%) differences between post-and pre-exercise phase were calculated. Table   1 summarizes the correlation coefficient r between all the above parameters.
As can be seen from this table, the EDA difference exhibited the best correlation with STAI difference, while IBI and Holter ones showed similar r values.
The sensitivity and specificity of Holter's R-R, IBI and EDA are seen in Table 2 . As can be seen from this table, the EDA difference exhibited the best sensitivity (equal to Holter R-R differences) and the best specificity. B) Ambulatory Holter versus E4WB wristband HR detection.
1. Descriptive comparison A comparison was made to get an understanding of how well the E4WB sensor performs compared to Holter's HR. Therefore, in a representative subject the synchronized signals from the E4WB and Holter were superimposed and compared (Fig. 3) .
Statistical analysis
The whole session of each subject provided a range of 3625-3830 data points for R-R and IBI estimation (1500-1690 for BL, 1210-1400 for E, 740-920 for R respectively).
Correlation coefficient r was used to quantify the correlation between R-R and IBI data for each individual during the entire experiment as well as during each phase. Their mean values and range are presented in Table 3 . It can be seen that the mean value of r during all sessions shows a high agreement between the two methods (r=0.938; p<.001), reaching its maximum at BL phase (r=0.947, p<.001) and being minimized at E phase (r=0.749, p<.001).
Bland-Altman analysis was also used to compare the two methods. For each subject, percentage differences of the mean values [(Holter-E4WB)/Holter] were calculated for each phase as well as for the whole experiment. The descriptive statistics are presented in Table 4 . As can be seen from this table, the mean value of the difference is +0.419% during all phases suggesting a close agreement between these two methods. The mean bias is minimum during BL phase (-0.013%) and maximum during the E phase (+1.07%). Fig. 4 presents the Bland-Altman plots (for each phase and for the whole experiment) of the collected data from the 21 subjects. Y axis represents the percentage difference and X axis represents the value of the HM (as it is the reference method). Moreover, mean values and levels of agreement (upper and lower LoA) are presented for each plot. It is obvious that the two methods are in close agreement as the vast majority of the 21 subject points are within the lower and upper LoA.
The HRV results from the Kubios derived analysis of the synchronized data extracted from both Holter and E4WB are presented in Table 5 . As can be seen, the agreement between the RR series obtained from both devices is high (p>.05) for the most part of the whole experiment as both methods were interchangeable when comparing all parameters studied at BL and R phases.
During E phase, while HR and HF still showed close agreement (p>.05), LF and consequently LF/ HF, did not (p<.001) as the E4WB derived LF was almost 1.5 times greater than the one derived from HM.
DISCUSSION
It is well known that stress associated with learning a psychomotor task can influence the ability of the trainee to learn.
HR and HRV have been extensively used either alone or in combination with subjective tests to indirectly measure the surgeons' cognitive load and mental strain in a simulated or actual OR setting. 4 Except HR, several HRV parameters are computed using time-domain, frequency-domain, and nonlinear methods. 7 In the frequency domain evaluation, the high frequency (HF) component represents the parasympathetic activity while the low frequency / HF ratio represents the sympathetic activity. 8 Apart the cardiovascular system, ANS stimulation increases the sweat production from the eccrine glands of the skin and therefore it causes fluctuations in electrical conductivity, enabling measurement of EDA or galvanic skin response (GSR) or skin conductance. 9 Recently, several wearable HR monitors using photoplethysmography (PPG) became widely available. PPG is a simple and low-cost method to detect blood volume changes in the peripheral circulation at the skin surface. 10 Usually, placed on the wrist, these user-friendly devices detect the underlying pulse rate by means of sensors, which reliably monitor minor changes in the intensity of light emitted from light emitting diodes (LEDs) that is transmitted through or reflected from the human tissues. Although they have obvious advantages over the classical ambulatory ECG recording, the fact that they use PPG, i.e. a different detecting approach, raises the question of how much accurate and reliable their results are when compared to the gold standard HM. 5 The main difference between PPG and ECG is that the latter depicts heart's electrical activity whereas the PPG is a mechanical signal measuring the propagation of the peripheral pulse wave. 11 The use of BVP as a surrogate measurement of HRV has been assessed in resting conditions where a strong correlation is observed; however, a moderate or no agreement was observed during physical exercise or mental stress, with diminishing correlation as the stress and / or exercise intensity were increasing. 5 We therefore thought that it is worthwhile to assess the feasibility of a new watch-sized device to a) noninvasively measure stress parameters in Table 3 . Mean values and range of the correlation coefficient (r) between R-R and IBI during the whole experiment as well as during each one of the three phases novices during a simulation task in a high fidelity simulator as well as to explore the best stress detector among the recorded parameters and b) to compare the E4WB BVP derived parameters against the most widely method used i.e., the Holter derived HRV in our simulation environment. The short, six-item STAI scale was chosen as stress indicator as it is well validated and more suitable when time constraints prevent administration of the longer version. 12 We have chosen only male subjects with normal BMI in order to avoid any: a) Gender related influence 13-14 and b) Body size thermoregulatory interference 15 in our results.
In about 1/3 of the subjects the STAI score was less after exercise. This might be due to failure of our exercise to produce subjective stress in some subjects, a finding also observed to a bigger extent in a similar study. 1 Although stress activation has been studied in other occasions using EDA [16] [17] , only one study used wrist and/or ankle wearable skin EDA device to measure simulation provoked OR stress 18 , while five other simulation studies measured EDA to assess acute stress in surgeons, using electrodes placed on either palmar surface [19] [20] [21] , ulnar edge 22 or neck 23 thus obviously reducing clinical application in an OR setting. However, all six aforementioned studies showed that EDA levels are increased in stress.
We found that EDA was the best indicator of stress as it showed (Tables 1, 2 ) the best correlation with STAI and better sensitivity and specificity than the other parameters (IBI, Holter R-R).
Our results are in line with those of Phitayakorn et al., who used GSR devices in an OR simulation environment. They also observed that during E phase, EDA significantly increased even before failures In our data, the Bland-Altman showed that E4WB derived IBI was in high agreement with Holter RR and therefore E4WB derived heart rate parameters can be used instead of those derived from Holter.
In our setting, we found that BVP was in agreement with HRV not only during the baseline and recovery phases, but also during the exercise phase. According to this finding, E4WB derived BVP can be used as a reliable surrogate of Holter derived HRV. limitationS A limitation of our study is that it focused on just one basic training skills simulated scenario and therefore our findings cannot be extrapolated into the real OR practice. Furthermore, the number of subjects was rather small and although we collected a large amount of data it is obvious that more studies with large numbers of subjects is needed, before arriving to a clinically relevant conclusion. Additionally, other stress parameters measuring stress such as saliva biochemical indices, for example cortisol, a-amylase, immunoglobulin A or chromogranin levels, were not included in our study.
Future actionS
It has been shown that exposure to moderate stress on task trainers may have a beneficial effect and improve performance while excessive stress may have detrimental effects. [29] [30] Therefore, further research is required in order to establish a normative threshold beyond which the stress is detrimental and counterproductive. On the other hand, using each individual's results could be used to effectively formulate individual improvement plans.
CONCLUSIONS
This study has demonstrated that a wrist wearable device is an easy-to-use non-invasive tool capable detection and remained elevated even throughout R phase. 19 Also, in our study, we examined whether the IBI, as derived by a simple to wear, non-invasive wrist device, can substitute the most widely used method of detecting RR intervals through an ambulatory Holter, as a surrogate marker of acute stress.
Our study shows that parasympathetic indices of HRV through frequency domain analysis can demonstrate a pronounced reduction in response to acute stress with a concomitant sympathetic augmentation which returns to basic levels in the R phase. This is in total agreement with other studies which showed that upon exercise cessation, HR and HRV demonstrate a time-dependent recovery and eventual return to pre-exercise levels. 24 We found that HR and IBI data derived from PPG signal are highly correlated with HR and R-R intervals from the Holter at BL and R phase. However, during Ε phase, this correlation is decreasing to moderate levels of agreement. This is in agreement with other observations that the Holter-derived HRV is in parallel with data obtained from other wearable devices capturing RR intervals either from PPG or from other methods at rest and/or at exercise. [25] [26] [27] The fact that IBI showed a lower specificity to Holter's R-R may be due to the different sampling rate of BVP (64Hz) which is much less than that of ECG (125 to 250 Hz), obviously implying less events detection ability of the PPG devices. 5 Additionally, Bland-Altman analysis was used because the correlation coefficient quantifies only the correlation between two quantities and not their agreement and therefore high correlation does not necessarily mean a close agreement. Instead the Bland-Altman plot compares the agreement among a new measurement technique with the gold standard, as it allows the identification of any systematic difference between the measurements. 28 to noninvasively measure several stress parameters before, during, and after a simulation task in novices. Among them, electrodermal activity was the best stress detector. E4WB derived heart rate and heart rate variability derived from this device highly correlated with the reciprocal values as measured from an ambulatory Holter monitor and therefore they can be used instead of those derived from the Holter in our simulation setting.
Therefore, this device may open a practical window to conveniently train surgeons to manage their stress using a surgical simulation training system.
